The inotropic state of the myocardium can be enhanced via an increase in cell Ca2' loading or in myofilament responsiveness to Ca2`. Although different pharmacological agents combine these properties, no presently available drug acts predominantly as a myofilament sensitizer in situ. We have investigated the effects and the mechanism of action of novel diazinone derivatives, EMD 54622, EMD 53998, and EMD 54650 (developed by E. Merck, Darmstadt), on guinea pig myocardial preparations. Force-and ATPase-pCa relations in skinned fibers show differing potencies of these agents on myofilament sensitization: EMD 54622>EMD 53998> >EMD 54650. This is in contrast to their relative potencies to inhibit isolated myocardial phosphodiesterase III: EMD 54650>EMD 53998>EMD 54622. In isolated hearts studied at constant coronary flow, each of the three diazinone derivatives had a positive inotropic effect. In enzymatically dissociated left ventricular myocytes loaded with the Ca21 probe indo-1, the positive inotropic effect of EMD 54622 occurred with no change in the amplitude of the cytosolic [Ca211 (Cai) transient. In contrast, both EMD 53998 and EMD 54650 enhanced Caj transient and twitch contraction amplitudes. Length-indo-1 fluorescence relations were analyzed to determine the effects of the three substances on myofilament responsiveness to Ca2+. EMD 54622 enhanced and EMD 54650 had no effect on myofilament responsiveness to Ca2+. Less uniform results were obtained with EMD 53998 (in two of five cells the myofilament responsiveness to Ca21 was increased, whereas in three other cells it was unaltered). Our results indicate that structural changes in the diazinone molecule shift the mechanism of action for the positive inotropic effect of the diazinone derivatives in the intact cell from a predominant myofilament sensitization (EMD 54622) 
T he two Thus, under the conditions of that study, EMD 53998 behaved as a myofilament Ca21 sensitizer, and its positive inotropic action was not associated with an increase in the amplitude of the Caj transient. In the present study we have measured the effects of EMD 53998 and of two related compounds, EMD 54622 and EMD 54650, on guinea pig myocardial preparations, which, unlike those from the rat, in the absence of /31-adrenergic stimulation respond to PDE III inhibitors with an enhanced contraction and abbreviation of the time course of the twitch.
We have measured the effect of the three substances on force-and ATPase-pCa curves of skinned fibers and on the inhibition of separated cardiac PDE III. Additionally, we have examined their action in isolated guinea pig hearts and isolated left ventricular myocytes. Cardiac cells were loaded with the Ca21 probe indo-1 to simultaneously monitor twitch contraction and indo-1 fluorescence, which is taken as an index of Cai. Thus, it could be determined whether the effects of the substances under study on contraction were mediated by changes in the Ca1 transient, by altered myofilament responsiveness to Ca2 , or by both. Of the three substances, EMD 54650, which is a potent PDE III inhibitor, increased the amplitude and reduced the time course of the Ca1 transient and twitch in intact myocytes.
In contrast, EMD 54622 is the most potent myofilament Ca 2 sensitizer in skinned preparations; it increased the amplitude of the twitch contraction without enhancing the Caj transient or abbreviating the time course of the twitch or indo-1 transient. Thus, in intact myocytes, EMD 54622 appears to have predominantly myofilament-sensitizing properties. The third substance, EMD 53998, which behaved as a myofilament sensitizer in a prior study with intact myocardial preparations from the adult rat heart,22 had effects on the guinea pig myocardium that were compatible with a mixed action on both PDE III inhibition and myofilament sensitization. This mixed action of EMD 53998 has been described in a variety of other experimental settings.23
Materials and Methods Skinned Ventricular Fibers
Fiber bundles less than 200 um in diameter were prepared by blunt dissection from guinea pig papillary muscle. These strips were chemically skinned as previously described. 24 In brief, the fibers were incubated for 24 hours at 4°C under continuous stirring in a skinning solution containing (vol/vol) 1% Triton X-100 and 50% glycerol, along with (mM) HEPES 30, sodium azide 10, Na2ATP 5, EGTA 4, MgC12 5, and dithioerythritol (DTE) 2 and then stored at -20°C in glycerol-buffer solution without detergent. Immediately before use, preparations less than 100 gm in diameter were dissected from extracted fibers and mounted for measurement of force (isometric force transducer KG3, Dr. K. Guth, Heidelberg, FRG). The mounted fibers were washed in a relaxing solution consisting of (mM) HEPES 30, Na2ATP 10, EGTA 5, MgCl2 12.5, creatine phosphate 10, and creatine phosphokinase 100 units/ml; pH was adjusted to 6.7, and the ionic strength was adjusted to 0.14 M with KCl. The fiber bundles were stretched in a relaxing solution until resting tension was just noticeable. Experiments were carried out at controlled room temperature (21±1PC 34 In similar experiments with non-indo-1-loaded cells, only length was monitored.
Results
Effect on Force-pCa and ATPase-pCa Relations Figure 1 shows the structure of the three diazinone derivatives used for this study. Figures 2 and 3 show, respectively, the effect of 10 ,uM of each of these substances on isometric force development in skinned fibers and on ATPase activity in myofibrillar preparations. The thiadiazinones EMD 54622 and EMD 53998 induced a leftward shift of the force-and ATPase-pCa curves, which indicates an increase in the calcium responsiveness of the myofilaments. The Ca2`concentrations required for half-maximal force development (Table 1) and ATPase activity (Table 2) were decreased by 0.6 and 0.4 pCa units, respectively, by EMD 54622 and by 0.2 and 0.3 pCa units, respectively, by EMD 53998. Furthermore, maximal calcium-activated force was increased by 32% and 18% by EMD 54622 and EMD 53998, respectively. Both compounds also enhanced maximal ATPase activity by 76% and 47%, respectively. In contrast, 10 ,uM of the diazinone EMD 54650 had no or only minor effects on force and ATPase activity, and a significant leftward shift of the force-pCa curve was obtained only at concentrations >100 ,uM (data not shown). Thus, the order of potency for the increase in Ca2`responsiveness of the myofilaments is EMD 54622>EMD 53998> >EMD 54650.
Effect on PDE III Inhibition
The PDE III inhibitory properties of these substances is presented in Figure 4 and 3 ) and is a less potent PDE III inhibitor (Figure 4) , at concentrations that exceeded those required for its maximal inotropic action caused a small prolongation of the time course of the contraction. EMD 53998, which has an effect on myofilament Ca2' sensitivity and PDE III inhibition intermediately between that of the other two substances, had no significant effect on the time to 50% relaxation.
The time course of the contraction is shortened by pharmacological interventions that increase cAMP and, through this mechanism, enhance sarcoplasmic reticulum Ca21 uptake, whereas the time course of contraction may be expected to be prolonged if myofilament sensitivity to Ca21 is increased. In this regard, our findings in the intact guinea pig heart show a close correlation between the physiological response and the results of the in vitro experiments shown in Tables 1-3 and Figures 2-4 .
Left Ventricular Myocytes
The concentration dependence of the effect of the three diazinone derivatives to augment the twitch contraction amplitude was determined in non-indo-1- loaded myocytes. Figure 6 shows the concentration dependence of the effect of each of the three diazinone derivatives on twitch amplitude (panel A), resting cell length before the onset of each twitch (panel B), and the time from the electrical stimulus to 50% relaxation (panel C). It is apparent that in these mechanically unloaded myocytes the concentration-response curves for the effect of EMD 54622 and EMD 53998 on twitch amplitude are shifted to the left of those in the isolated and perfused guinea pig heart and that each of these drugs increased twitch amplitude by approximately twofold ( Figure 6A ). Both EMD 54622 and EMD 53998, which increased myofilament Ca2' sensitivity in isolated myofibrils ( Figures 2 and 3 , Tables 1 and 2 ), decreased diastolic cell length ( Figure 6B ). Reduction in the resting cell length was particularly marked with EMD 54622; this result is in agreement with the significant increase in end-diastolic left ventricular pressure observed in the isolated guinea pig hearts ( Figure SB) . However, the effect of EMD 54622 and EMD 53998 on resting cell length became evident at concentrations of these substances that exceeded those required for the maximum increase in twitch amplitude in cardiac cells. In contrast, EMD 54650, even at 10 gM, a concentration that exceeds that required for the peak inotropic effect in isolated myocytes ( Figure 6A ) as well as in the isolated heart ( Figure 5A ), did not decrease diastolic cell length ( Figure 6B ). The effect of each of the three diazinone derivatives on the time course of the contraction in isolated myocytes is given in Figure 6C . EMD It is also noteworthy that the time required for the positive inotropic action for each of these agents differs. The experimental results presented so far strongly suggest that an increase in myofilament responsiveness to Ca2+ represents the predominant mechanism for the positive inotropic action of EMD 54622 in intact myocardial preparations. However, it is not possible to determine whether an increase in myofilament responsiveness to Ca2' may play a role in the positive inotropic Figure 11 shows representative examples of the effect of the three diazinone derivatives on the cell length/ indo-1 ratio relation. In agreement with other experiments indicating that EMD 54622 sensitizes myofilaments to Ca2+, this agent shifted the length-indo-1 relation to the left (panel A). EMD 54650 had no effect on this relation in any of the cells studied (panel B).
Less consistent results were obtained with EMD 53998. In three of five myocytes, EMD 53998 had no effect on the length-indo-1 relation (panel C), whereas in the remaining cells it shifted this relation to the left (panel D). This is also in agreement with the results of the in vitro experiments (Figures 2-4 (Figures 2 and 3 ) reveal three main important features: the increase in the apparent calcium sensitivity, the decreases in the steepness of the forceor ATPase-pCa relations, and the increase in the maximal calcium-activated force and ATPase activity. The increase in the apparent calcium sensitivity is believed to be the result of increasing binding of calcium to troponin C (e.g., as it was discussed for sulmazole3). However, the increase in the apparent calcium sensitivity of the compounds reported here appears not to be caused by the binding of the compounds to troponin C itself (authors' unpublished observations, 1990 ), but the location of the binding domain is not yet clear. Our data also imply that the compounds have an effect on the calcium-dependent cooperative interaction in the myofibrils as indicated by the decrease in the steepness of the relation of force or ATPase activity to calcium concentration. Moreover, the increases in the maximal calcium-activated activities indicate that the kinetics of the crossbridge cycle must be affected. 37 The relative importance of the three effects and the underlying mechanism is still unclear and is the object of further research.
Of the three substances tested, only EMD 54622 enhanced twitch amplitude in indo-1-loaded myocytes without a significant effect on the Caj transient. This represents a unique characteristic of this drug.
A potential drawback in the use of myofilament sensitizers as positive inotropic agents is the possibility that they may delay relaxation of the heart and impair diastolic filling of the ventricular cavities.9 If this were to occur, it should be reflected in a prolonged time course of the contraction and increased diastolic tonus. In myocytes, EMD 54622 had a concentration-dependent effect of prolonging the time to 50% of relaxation: at 1.25 gM, which had proven the most effective concentration to enhance twitch amplitude ( Figure 6A ), EMD 56422 prolonged the time course of contraction to 118% above the control value (100%); at 10 ,M, which was the highest concentration that we tested, the prolongation was 151% of the control value ( Figure 6C ). The effect of EMD 54622 on the time course of the twitch in cells was not paralleled by changes of similar magnitude in the isolated hearts, where the time to 50% relaxation was not prolonged at 1.25 ,M and increased to 108% of the control value at 10 gtM ( Figure SC) . This difference in the magnitude of twitch prolongation in the two experimental models may be explained by the absence of adequate restoring forces in isolated myocytes. In contrast, in the isolated heart, the presence of the intraventricular balloon may provide the necessary stretch to accelerate the return of the left ventricular pressure to its diastolic value. Physiological conditions may be more closely mimicked by the experiments with the isolated hearts and the ventricular balloon than with isolated myocytes. However, additional studies would be required in living animals to determine whether blood return to the ventricles contributes substantially to their relaxation and minimizes the impairment in diastolic filling produced by an increase in myofilament sensitivity to Ca2`. In myocytes, EMD 54622 had a marked effect, a decrease in diastolic cell length only at concentrations above 1.5 ,LM ( Figure 6B) ; its positive inotropic effect was saturated at 1.25 ,tgM. In the isolated heart, EMD 54622, at concentrations higher than 2 ,uM, increased end-diastolic pressure without further enhancing developed pressure. Thus, it appears that concentrations of EMD 54622 between 1 and 2 ,iM would be optimal for a positive inotropic action that is not associated with detrimental changes of the diastolic properties of the myocardium.
EMD 53998 caused a leftward shift of the force-and ATPase-pCa relations, inhibited PDE III activity (Figures 2-4) , and had a dual effect on the time course of the contraction ( Figure 6C ). In isolated myocytes, EMD 53998 abbreviated the time course of the twitch at concentrations below 2 ,uM but prolonged it at S and 10 ,uM ( Figure 6C ). Thus, in vivo there may be a balance between the effects of EMD 53998: the inhibition of PDE III activity, which may predominate at concentrations below 2 ,uM, and the enhancement of myofilament sensitivity to Ca2 , which may be the dominant action at 5 and 10 uM. Taken in conjunction with the mixed effects of 1.5 
